Switchgrass (Panicum virgatum L.) has potential for both bioenergy and forage. The objectives of this experiment were to: i) determine whether switchgrass could be harvested for greater nutritive value during the vegetative stage relative to early reproductive growth (boot stage); ii) compare biomass yields of switchgrass harvested once versus twice per year for bioenergy; and iii) examine effects of N fertilizer rates on harvest systems. The experiment was a randomized complete block design with a split-plot arrangement of harvest system treatments as main plot (harvest once per year after frost, harvest twice per year first at vegetative or boot stage and regrowth after frost) and nitrogen (N) fertilizer rate as subplots (0, 90, 180, and 270 kg N ha -1 ).
INTRODUCTION
Increasing conversion of land for production of bioenergy crops may reduce land used for forage production and increase feed cost (USDA, 2003) . Switchgrass, a warm-season grass identified as having potential for biomass energy (Mclaughlin and Kszos, 2005) , may have immediate value as a forage crop. With increased conversion of pastureland to cropland for grain production, availability of land dedicated to forage may decrease and harnessing alternative forage sources becomes more critical. Switchgrass has been shown to sustain high animal weight gains in cattle when grazed in early and late spring (Burns et al., 1984) and has successfully been used in complimentary cool-and warm-season grass grazing systems (Moore et al., 2004) . Grazing switchgrass in late spring may alleviate forage deficits caused by reduction in yield of coolseason grasses as summer approaches (Burns et al., 1984) and allow for production of hay from a late-spring to early summer harvest (Burns, 2011) .
Nitrogen fertilizer application typically increases both yield and quality of warm-season forage grasses (Wilkinson and Langdale, 1974; Taliaferro et al., 2004) , and similar observations have been made in N-fertilized switchgrass (Perry and Baltensperger, 1979; Guretzky et al., 2008; Waramit et al., 2012) . Although N fertilizer application is reported to increase forage quality (Fribourg et al., 1971; Fribourg et al., 1979) , prevailing weather conditions could affect crop response to N fertilizer (Sanderson et al., 1991) by affecting leaf-to-stem ratio (Griffin and Watson, 1982) and degree of lignification (Henderson and Robinson, 1982) . For N-fertilized switchgrass, early bud break and growth could result in substantial forage biomass availability by June through July. Switchgrass biomass can be harvested for hay and utilized later during the dry summer months when cool-season grasses cease growth and the potential for warm-season forage deficits exist (Sanderson and Burns, 2010) . Although forage nutritive values of hayed switchgrass may be low compared to other warm-season forage grasses such as bermudagrass, it may provide sufficient nutrients for maintenance in dry beef cows (80 g CP kg -1 500 g TDN kg -1 ) (Ball et al., 2002) . Switchgrass harvested in July and its re-growth cut in October, was reported to have greater dry matter (DM) disappearance and digestible energy than tall fescue (Festuca arundinacea Schreb.) cut at the same time (Griffin et al., 1980) . Despite the forage availability benefits associated with a mid-season harvest, significant removal of nutrients by hayed biomass may lead to reduced soil productivity in the future and potentially increase fertilizer needed to maintain acceptable forage yields. However, because of the low fertilizer requirement needed to optimize switchgrass biomass, beef cattle producers may opt to harvest in early summer when forage availability from summer grasses like bermudagrass, which break winter dormancy comparatively late, are most likely not yet in sufficient quantities.
While rotational grazing of switchgrass could allow for continuous availability of high nutritive value after a rest period, CP and N concentration of 'Alamo' switchgrass has been shown to decline continuously between late spring and fall (Anderson and Matches, 1983; Kering et al., 2012) . Appropriate timing of the first harvest is important because it affects both quantity and quality of harvested material as well as that of re-growth. Therefore, potential exists for differences in yield and nutritive value between the first cut and re-growth biomass harvested for hay that is dependent on the date of the first harvest. The objectives of this study were to determine the effects of harvest timing of first cut (either a cut in June or July) and N fertilizer rates on switchgrass biomass yield, forage nutritive value, and level of nutrients removed from the soil. Statistical analysis was conducted using the mixed models procedure in SAS to determine main effects and interactions of harvest system and N fertilizer amount on the measured parameters. Harvest system, N fertilizer amount, and their interactions were considered fixed effects, and replication and year were considered random effects. Statistical significance was determined at p ≤ 0.05.
MATERIALS AND METHODS

RESULTS AND DISCUSSION
Weather
Precipitation during the three production years varied ( Fig. 1 ). Long-term (30-yr) annual rainfall at the site was 975 mm. Total annual precipitation was 16% above average in 2009
(1131 mm) and 15 to 37% below average in 2010 (825 mm) and 2011 (615 mm), respectively.
Temperatures were comparable to the long-term average for all years except the summer of 2011. This period was the driest and hottest with temperatures being 2 to 3°C hotter than in other years (data not shown).
Switchgrass Stand and Biomass Production
Switchgrass tiller frequency at green-up during spring of project initiation (2009) and in subsequent years of study were similar for all N fertilizer rate and harvest systems. Whereas tiller frequencies in all years were greater than the 40% threshold reported to be needed to avoid yield reduction in subsequent years (Schmer et al., 2006) , the two-cut system plots had visibly thinner and less robust tillers in the second and third year of production.
Switchgrass annual biomass yield was affected by N fertilizer rate and harvest system (Table 2) . Biomass yield increased linearly from 6.3 Mg DM ha -1 at 0 kg N ha -1 to 12.1 Mg DM ha -1 at 270 kg N ha -1 (p<0.01). When harvested twice per season, yield from the first cut was linearly (p<0.01) affected by N fertilizer rate and contributed more than 75% of total annual biomass ( Table 2) . First cut and the total annual biomass yield were similar for the two cut per year harvest systems and averaged 7.7 and 9.6 kg ha -1 , respectively. Regrowth was affected linearly by N fertilizer. A first cut at the vegetative produced greater regrowth biomass than a first cut at the boot stage. Total annual biomass under the two-cut per year systems was less than the 11.1 kg ha -1 for the one cut per year system and supports finding by others (Sanderson et al., 1999; Monti et al., 2008) . However, others have found a two-cut per year system with a first cut at the boot stage to produce greater biomass yield than a single cut per year system (Vogel et al., 2002; Fike et al., 2006; Guretzky et al., 2011) . Monti et al. (2008) reported that a two-cut system produced greater biomass than a single harvest during the first two seasons of production, but drastically reduced plant vigor and productivity the following two seasons. The reduction in annual biomass yield under a two-cut system in our study could be attributed to the small amount of regrowth produced and especially in 2011 that had extremely dry summer. While the first harvest opened up the canopy and may have allowed for more light penetration to stimulate bud development, regrowth occurred during a period associated with hotter temperatures and soil moisture stress, which may have compromised yield. Similar reduction in switchgrass biomass under a two-cut system in an area experiencing dry summer months has been reported elsewhere (Sanderson et al., 1999) . With a two-cut harvest system, hay from a summer harvest may be available in the southern Great Plains during years with dry autumns or in springs when deficits in cool-season grass forage production occur. Compared to expensive supplements commonly used during period of forage deficits, hayed switchgrass material like stockpile grazing may be a low-cost feeding option for maintaining animal body condition during such times.
Forage Nutritive Value
In Vitro Dry Matter Disappearance Switchgrass IVDMD concentration was affected by harvest system (p<0.01). Greatest IVDMD concentration was associated with the two-cut vegetative stage and two-cut boot stage systems (577 and 605 g IVDMD kg -1 , respectively), whereas the one-cut system had the least IVDMD concentration (307 g IVDMD kg -1 ) (Table 3 ). For first cut biomass, IVDMD, which increased linearly (p<0.01) with N fertilizer rate, was similar for HS-2 and HS-3. The IVDMD of the regrowth biomass was not affected by N fertilizer rate but that from a vegetative harvest had greater IVDMD. It has previously been reported that crude protein was greater and NDF was lower for switchgrass cut multiple times than that cut only once at the end of the season (Sanderson et al., 1999) . The greater maturity of the biomass harvested in the one-cut system, compared to the less-mature first cut and regrowth biomass harvested in two-cut harvest systems contributed to the differences in mean annual IVDMD.
Crude Protein
Switchgrass CP concentration interacted with harvest system and N fertilizer rate (p<0.01) ( Table 3) . Crude protein concentration increased with N fertilizer rate across all harvest systems. Switchgrass harvested only once per season consistently had the least CP concentration regardless of N rate compared with both two-cut systems. First cut when vegetative had greater CP (p<0.01) than first cut at the boot stage (Table 3) , whereas regrowth from a boot-stage cut had 27% more CP than that from a vegetative cut (Table 3) . However, no differences in annual mean CP concentrations between switchgrass harvested at the vegetative stage and at the boot stage were observed. Increased CP concentration with increasing N rate is consistent with previous research (Guretzky et al., 2008; Waramit et al., 2012) .
Neutral Detergent Fiber
Switchgrass mean NDF concentration was affected by harvest system (p<0.01). The greatest NDF concentration always occurred when switchgrass was harvested once per year (p<0.01) whereas the two cut systems showed comparable mean annual NDF concentration (Table 3 ). The first cut showed a linear (p<0.01) reduction in NDF with increasing N fertilizer rate. Regrowth from the first cut at the vegetative stage had greater NDF than that from a boot-stage cut. High NDF for regrowth from vegetative than boot stage cut resulted from a longer growth period for vegetative regrowth that could have resulted in more stem and fiber material.
Greater NDF concentration in the one-cut harvest system was probably the result of greater plant maturity and increased lignification (Henderson and Robinson, 1982) . Also, greater stem to leaf ratio (Griffin and Watson, 1982) , greater total plant cell wall components (Collins and Fritz, 2003) , and nutrient remobilization to below-ground storage structures in preparation for overwintering (MacAdam and Nelson, 2003) may have contributed to increased NDF in the one cut system.
Acid Detergent Fiber
Switchgrass annual ADF concentration was affected by harvest system (p<0.01).
Switchgrass harvested only once per year had greater ADF concentration (average of 465 g kg -1 ) than both the vegetative stage and boot stage of the two-cut systems (average of 388 g kg -1 ) (Table 3 ). In the first harvests, ADF concentration was greater for the boot than vegetative stage and reduced linearly (p<0.01) with N fertilizer (Table 3 ). The ADF concentration of regrowth biomass was similar across N fertilizer rates and harvest systems. Although the amount of regrowth in the two-cut systems was minimal, biomass material showed numerically lesser ADF concentrations compared to that for a single cut system. Greater proportion of newly formed, less lignified leaf and stem tissue in regrowth may be responsible for the less ADF as reported for other grasses (Collins and Fritz, 2003) . It has previously been reported that forage nutritive value of the last harvest for switchgrass cut multiple times was greater than that cut only once at end of the season (Sanderson et al., 1999) .
Nutrient Concentration and Removal
Harvest system affected annual mean switchgrass N, P, Ca, and Mg concentrations (p<0.01), as well as N and P removal by biomass (p<0.01) (Table 4 and 5). Except for Ca, element concentrations in the first cut were greater for HS-2 than HS-3 but the HS-3 regrowth had greater N, P, and Mg concentration (Table 5) . Differences in nutrient concentration in the regrowth may be due to differences in regrowth biomass yield. Regardless of maturity stage of the first harvest, switchgrass harvested twice per year had greater mean N, P, Ca, and Mg concentrations and greater N and P removal than when harvested once per year after the first frost. This observation may be due to remobilization of nutrient to below ground structure in the fall before winter-kill. Compared to the first cut, one cut and regrowth biomass had up to 60% less N and P concentration (Table 4) . This was responsible for the greater N and P removal by the two-cut systems and is consistent with results reported by Reynolds et al. (2000) and Guretzky et al. (2011) . The nutrient concentrations in switchgrass harvested in both of the twocut systems were comparable to those reportedly sufficient for maintenance of non-lactating beef cows, lactating, mature beef cows, growing steers, and pregnant, replacement heifers (Kerley and Lardy, 2007) .
Nitrogen fertilizer rate affected mean switchgrass N, P, and Mg concentrations (p<0.01), as well as N, P, Ca, and Mg (p<0.01) removal by biomass (Table 4 and 5). Increasing N fertilizer rate resulted in a linear (p<0.01) increase in N, P, and Mg concentrations and removal of N, P, Ca, and Mg in harvested switchgrass biomass. For the first cut, N, P, Ca, and Mg concentration showed a linear (p<0.01) response to N fertilizer rate and Ca and Mg concentration were up to 25% greater than that in biomass from a one cut system. Increase in plant vigor and growth associated with greater N status may explain increased P, K, and Mg concentrations (Marschner, 2011) . Increased growth associated with increasing N fertilizer rate may increase root biomass and improve potential of a plant to extract P, K, and Mg from the soil.
Mean K concentration and K removal by biomass was affected by interaction of N fertilizer rate and harvest system (p=0.01). Potassium concentration and removal in the one-cut system were not affected by N fertilizer rate. In the two-cut systems, N fertilizer rate increased mean K concentration and removal linearly (p<0.01) (Table 6 ). However, no differences were observed among N fertilizer rates. During summer harvest, K concentration was affected by N fertilizer rate (p<0.01) and harvest system (p<0.01). Potassium concentration in first cut showed a quadratic response (p<0.01) to N fertilizer with HS-2 having greater (p<0.01) mean concentration than HS-3 (Table 6 ). However, regrowth under HS-3 had greater K concentration than HS-2. Although harvest system had no effect on K removal in summer, the amount removed showed a quadratic (p<0.01) response to N fertilizer rate. Greatest K concentration and K removal by biomass was always associated with the two-cut systems. Compared with the firstcut harvest, there was over a 70% reduction in K concentration in the after frost harvested material that resulted in greater K removal by the two-cut systems, a finding consistent with results reported by Reynolds et al. (2000) and Guretzky et al. (2011) .
CONCLUSIONS
Switchgrass biomass from a first cut under the two cut system has good nutritive value to meet maintenance needs of non-lactating beef cattle and can be used to offset forage deficits in late summer, fall and/or winter months. An early summer harvest can be hayed and used in late summer and/or fall while the regrowth harvested after killing-frost can be used to feed livestock during the winter months. Because a cut prior to boot stage does not compromise total annual yield, first cut may need to be done at vegetative stage to allow regrowth enough time for growth before the high summer temperature and moisture stress conditions prevalent in the southern Great Plains set in. Because a two-cut per year harvest system removed more nutrients from the soil than the one-cut system, replacement of removed nutrients through fertilizer application will be more critical than in the one-cut system. With proper fertilizer management strategies, data from this study offers opportunity to the early adopters to integrate switchgrass in to their forage production system until the end point bio-refineries are built. However, once bio-refineries are established and biomass feedstock processing begin, producers should harvest only once after killing-frost to obtain greater biomass of low basic cation concentration, and potentially of high energy value. 2 ‡ Values are the mean of 2 systems, four replicates and 3 yr (n = 24).
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